Summary

29
1. Modelling the relationship between biomass and diversity in phytoplankton 30 assemblages provides new insights into the mechanisms responsible for the 31 coexistence of species, even in terrestrial ecosystems. 32 33 2. We tested the biomass-diversity relationship in lake phytoplankton along a wide 34 biomass gradient using functional species groups. We hypothesized that changes in 35 the taxonomic diversity of the phytoplankton along a biomass gradient are associated 36 with altered functional diversity. 37 38 3. For the analyses, in total 768 samples were collected from 30 oxbows, reservoirs 39 and lakes in the Hungarian Lowland Region and analysed between 1992 and 2002. 40 41 4. We found that the diversity and also the number of functional species groups 42 showed a humped-back curve similar to the species richness. The changes in 43 functional group composition act as a good proxy for phytoplankton species 44 responses. We found that the peak of the number of strategy groups and their Shannon 45 diversity was at a much lower biomass than that of species richness. 46 47 5. We revealed the fine-scale effects of increasing the dominance of respective species 48 or species groups with increasing biomass. This increase was well reflected by the 49 changes in the functional characteristics: first, the species evenness; then, the Shannon 50 diversity; and finally, the species richness started to decrease with increasing biomass. 51 52 6. Cyanoprokaryota were positively correlated with increasing biomass and negatively 53 with the increase in species richness; thus, the high increase both in their abundance 54 and biomass can be responsible for the abruptly decreasing part of the humped-back 55 curve. 56 57 7. We detected a humped-back curve between biomass and diversity, where the peak 58 compared to terrestrial plant communities tended to be towards high biomass scores, 59
that is, greater than 60% instead of the 20 to 60% of the biomass range typical for 60 terrestrial plant communities. To facilitate study of their functional diversity, the species were assigned to 181 phytoplankton functional classifications: (i) CSR-strategy (Grime 1977 adapted correlation was used to analyse the relationship between the available environmental 192 parameters and the biomass (Zar 1999 We detected an asymmetric humped-back curve between biomass and species 214 richness, where the peak of the curve tended to be towards rather high biomass scores 215 (17.76 mg L -1 , Tab. 1. Fig. 1A ). Also, a similar curve was detected for the Shannon 216 diversity (Tab. 1, Fig. 1B) . A sharp decline in both species richness and Shannon 217 diversity was typical at a relatively high biomass (75.1% and 59.9% of the whole 218 range of biomass, respectively, Fig. 1A-C) . We found that the evenness, in contrast to 219 species richness and diversity, did not display a humped-back curve. The evenness 220 remained more or less constant until 1.08 mg/L biomass, and then, a continuous 221 decrease was detected (Fig. 1C) . Similarly, a hump-shaped curve was detected for 222 samples collected in the growing and dormant season (not reported in the paper); thus, 223 we worked with pooled datasets. Lower species numbers were typical in the dormant 224 season (up to a maximum of 63 taxa) compared to the growing season (up to 73 225 species). 226 227
The relationship between the diversity of functional groups (FG, MFG, MBFG and 228 CSR) and biomass could also be described by a hump-shaped curve. The maxima and 229 the shape of the curves were very similar regardless of the type of the functional 230 classification. The peaks of the curves were at lower biomass scores than the peaks of 231 the biomass-species richness curves ( Fig. 2A-D , Tab. 1). Diversity of the functional 232 groups showed a significantly positive correlation with each other (p<0.001; R scores 233 ranged between 0.86 and 0.95), which is also indicated by the very similar shape of 234 the curves in Fig. 2A-D . 235
236
The relationship between the number of functional groups and the biomass was 237 possible to analyse in the case of the two functional classifications containing the 238 highest number of groups (FG and MFG, 30 and 29 groups, respectively, Appendix 239 S2). The number of the functional groups also showed a humped-back curve, but the 240 maxima of the curves were at an intermediate position between that of the Shannon 241 diversity curves (both overall and functional classifications) and species richness 242 along the biomass gradient ( Fig. 1 and Fig. 3 that in the mentioned study, the peak was also at rather high biomass scores compared 286 to the studied range of the biomass. 287 288
We could reveal the fine-scale effects of increasing dominance of respective species 289 or species groups with increasing biomass. This was likely responsible for the 290 formation of the decreasing part of the humped-back curve. This increase was well 291 displayed by the changes of functional characteristics in Fig. 1 . First, the species 292 evenness; then, the Shannon diversity; and finally, the species richness started to 293 decrease with increasing biomass. The species evenness remained almost constant to a 294 biomass of 1.08 mg L -1 , then a continuous decrease was detected with increasing 295 biomass. The Shannon diversity had a peak at 2.00 mg L -1 , whereas the species 296 richness had its peak at 17.76 mg L -1 in our study (Tab. 1). classifications. In our study, we found that the diversity and also the number of 326 functional species groups showed a humped-back curve (the analysis of the latter was 327 only feasible in the cases of FG and MFG groups, see Fig. 3 ), similar to the species 328 richness curve, which indicates that changes in the functional group composition can 329 act as a good proxy for phytoplankton species responses. The shape of the curve and 330 the position of the peak were quite similar for all studied functional classifications, 331 which underscore the robustness of the detected humped-back relationship. On 332 analysing the peaks of the Shannon diversity curves of the different classifications, we 333
found that the peaks of all functional classifications were at quite similar biomass 334 scores compared to the species diversity curve (Tab. 1). However, when we analysed 335 the number of categories in relation to the species richness, we found that the peak for 336 the number of strategy groups was at a lower biomass than the species richness 337 (Tab. 1 and Fig. 3) . Notably, these results show that, despite the generally high 338 functional redundancy in phytoplankton assemblages, the functional redundancy 339 increased in some other functional groups (i.e., species richness of the respective 340 group increased), which provided a relatively high threshold for the species richness. 341
This was also well supported by the CCA results, where the biomass of the 342 stratification-tolerant medium-to large-sized flagellates, stratification-sensitive small 343 flagellates, pennate diatoms and conjugatophytes increased with the increase in 344 species richness. 345 346
In contrast, the Cyanoprokaryota groups (FG: S1 and S N ) were positively correlated 347 with increasing biomass and negatively with the increase in species richness; thus, the 348 high increase both in their abundance and biomass can be considered responsible for 349 the abruptly decreasing part of the humped-back curve. These results are well in line 350 with the findings in phytoplankton assemblages that high biomass is often linked with Humped-shaped relationships in phytoplankton and terrestrial plant communities 364 365
We found for phytoplankton assemblages, similarly to most findings in terrestrial 366 plant communities, that the biomass-species richness relationship showed a humped-367 back curve, where the peak of the humped-back was at an intermediate biomass 368 (Fig. 1) . Similar results were also reported for lake This latter theory was also supported by our findings. For example, we detected the 413 loss of some functional groups prior to the decrease in species richness (i.e., the 414 decrease in richness by the loss of some groups was likely compensated by the 415 increase in species richness in the remaining functional groups resulting in a high 416 functional redundancy). These facts could potentially explain the high diversity and 417 richness detected at rather high biomass scores in the phytoplankton assemblages. 418 419
(ii) Most terrestrial plant communities are characterised by perennial sessile 420 organisms, with the exception of the initial stage of the development (i.e., initial stage 421 of succession characterised by pioneers or short-lived ruderals), or highly stressed 422 communities (i.e., some semi-deserts and deserts or hyper-saline vegetation). During 423 succession, the immigrating perennial species stabilise both the spatial and the 424 temporal community structure. Thus, high species richness in terrestrial plant 425 communities is often dependent on frequent anthropogenic or abiotic/biotic 426 disturbance events (Pierce 2014 We noted that functional diversity reflects the changes detected in species diversity in 436 phytoplankton assemblages, similarly to the findings of studies in terrestrial 437 vegetation. The similar shape of the diversity-productivity relationship and the 438 positions of the peaks in the functional and species diversity suggest that decreased 439 species diversity is strongly linked with the declining variability in the functional 440 strategies. We demonstrated that when considering the biomass/diversity 441 relationships, remarkable differences exist between the terrestrial vegetation and 442 phytoplankton assemblages. Thus, to give a unified explanation of species coexistence 443 and to explain the relationship between functional and species diversity, not only a 444 multi-taxa approach but the joint study and evaluation of terrestrial and aquatic 445 systems should be involved. Our findings also suggest that the contribution of the 446 underlying mechanisms responsible for the observed patterns might be different. 447
When applying a functional approach, considerable simplification can be made, but an 448 understanding of the fundamental processes responsible for species coexistence and a 449 unified explanation require a joint study and evaluation of these structurally highly 450 different systems. We stress the importance of using a functional approach for 451 understanding aquatic systems, and the proliferation of this approach will generate 452 further prospects for understanding biomass-diversity relationships and the Tab. 1 Maxima of the regression curves displayed in Fig. 1-3 
